Abstract . Cell death and the subsequent post-mortem changes, called necrosis, are integral parts of normal development and maturation cycle. Despite the importance of this process, the mechanisms underlying cell death are still poorly understood. In the recent literature, cell death is said to occur by two alternative, opposite modes: apoptosis, a programmed, managed form of cell death, and necrosis, an unordered and accidental form of cellular dying. The incorrect consequence is the overlapping of: a) the process whereby cells die, cell death; and b) the changes that the cells and tissues undergo after the cells die. Only the latter process can be referred to as necrosis and represents a 'no return' process in cell life. In this review, we discuss the excellent basic research developed in this field during last decades and problems that remain to be resolved in defining both experimentally and mechanicistically the events that lead to and characterize cell death. 
designed, through evolution, for cell survival and host survival' (10) . As such, there are essential cellular components (the plasma membrane, mitochondria, lysosomes, endoplasmic reticulum, the nucleus, and other cellular organelles) each can be considered a 'vulnerable site' whose distruction or malfunction threatens the functioning of the cellular unit (11, 12) .
Plasma membrane is an obvious vulnerable site: a functional/structural change that compromises the physiology of the plasma membrane can lead to cell death. Extensive literature suggests that membrane changes related to Ca ++ influx appear among the many possible 'critical changes' that may compromise cell integrity (13, 14) .
Another favourite site is the mitochondria (15, 16) . However, studies with ischemic and with toxic chemicals failed to implicate mitochondria in acute episodes of cell death (17) (18) (19) . It remains to be established what level of energy production is needed to maintain basic cell integrity.
Lysosomes have received considerable attention in the pathogenesis of cell death. Release of lysosomal hydrolytic enzymes is no doubt important in the post-mortem autolysis, but is not a cause of cell death (11) .
Endoplasmic reticulum is an important site for the control of intracellular Ca ++ including a calcium pump and has been suggested as a possible vulnerable site (14) . Again, this remains to be established.
The nucleus and its DNA have been predominant areas of study as vulnerable in proliferating cells (20) . Lymphocytes, and a few other hematolymphopoietic cells, are the primary cell populations that show cell death following interference with DNA synthesis (21) and, however, the role of DNA synthesis blockage seems to be indirect, its effects mediated through alterations involving protein synthesis (22) (23) (24) (25) (26) . Accordingly, not all DNA-binding compounds induce cell death (27) , whereas cycloheximide, an inhibitor of protein synthesis, or actinomycin D, an RNA synthesis inhibitor, are capable of inducing large-scale apoptosis (23) .
Inhibition of protein or RNA synthesis is a critical event in cell death occurring in lymphocytes and in other cell types such as hepatocytes (by appearing the disorganization of the rough ER, which is regularly seen in perivenular parenchymal areas associated with cell death, the morphological equivalent of a disrupted protein synthesis). Nonetheless a few studies show that inhibition of protein synthesis is lethal mainly to lymphocyte populations, and does not eliminate mitoses throughout the whole body (28, 29) . One explanation might be that different cells and tissues in the same organism show wide variations as to the kinetics of cell death. Lymphocytes, and perhaps some other cells of the hematolymphopoietic system, show an extremely rapid cell death (from minutes to 1 h) and a very rapid post-mortem change (1-3 h). In contrast, hepatocytes exposed to nitrosamines exhibit a very slow process of cell death (many hours) and a very slow process of post-mortem changes (days). Moreover, a number of cells exhibit a wide range of cell death kinetics and morphologies with different xenobiotic chemicals (30) . These observations stress the need of pinpointing and establishing the timing of cell death in specific cellular population.
Nevertheless, it appears definitively ascertained that the intranucleosomal cleavage of chromatin and the fragmentation of nuclear proteins during apoptosis are Ca 2+ -modulated nuclear processes (31) . Many other experimental biochemical observations trace back to the calcium-activated pathway hypothesis. For example, the loss of glycogen and the disorganization of the rough endoplasmic reticulum occurring before cell death are well known phenomena thoroughly described years ago (32) . Recently, it has been shown that the Ser/Thr kinase glycogen synthase kinase 3 (GSK3) is a component of the Ca 2+ signalling pathway. Indeed, GSK3 regulates the activity of NF-Atc (33), a family of transcription factors involved in cell death pathway (34) . Furthermore, transient increases in calcium resulted in a prolonged increase in GSK3 tyrosine phosphorylation concomitant with alterations in the phosphorylation state of the cytoskeletal protein, tau (35) . So, the increase in intracellular calcium appears as a membrane change that might be implicated in a currently acceptable hypothesis for cell death for many cells.
The biochemistry of cell death
Among the many suggested biochemical alterations associated with cell death, those relating to free radicals appear of possible importance. Free radicals may interact with lipids, proteins and other cellular constituents thus leading to cell death (11, 36) . Xanthine oxidase in the genesis of superoxide (O 2 -); the mixed function oxygenase cytochrome P450 system in the genesis of electrophile reactants, and the nitric oxide (NO) in the genesis of the potent oxidant peroxynitrite (ONOO-) (37) , are examples of reactions capable of generating an array of free radicals that can lead to cellular alterations. However, the demonstration of specific membrane changes as critical events in cell death has not been that successful. The clearest demonstration thus far is the induction of lipid peroxidation in phospholipids, involving especially the fatty acids in the 2 position of glycerophospholipids such as phosphatidylcholine (38) . One interesting step following lipid peroxidation is the genesis of a variety of hydroxy aldehydes such as 4-hydroxynonenal (39, 40) . Over thirty different aldehydes have been identified following exposure of a rat to carbon tetrachloride (41) . Although some of these may be generated spontaneously, others may be facilitated by the action of phospholipase A 2 (42, 43) . Thus, there is evidence that oxygen radicals created under different physiological and toxic conditions may induce cell death by selectively altering the structure and the function of the plasma membrane. Testing of this hypothesis under specific experimental and clinical conditions remains to be carried out.
The genetics of cell death
Although any experimental exploration at molecular level should develop on a feasible hypothesis at the physiological and biochemical level, we are witnessing the explosion of excellent molecular research on the so-called 'death genes'. Two distinct families of proteins have emerged, the TNF receptor-associated factors (TRAFs) and the death domain homologues. The cloning of members of these gene families and the identification of the protein-interaction motifs found within their gene products has initiated the molecular identity of factors (TRADD, FADD/MORT, RIP, FLICE/MACH, and TRAFs) associated with both of the p60 and p80 forms of the TNF receptor and with other members of the TNF receptor superfamily (44, 45) . Death gene classification have also been introduced. Pro-death genes include p53, the ced-3/ ICE proteases, and the Bax family; anti-death genes include ced-9/Bcl-2 and the adenovirus protein EIB (46) (47) (48) . On the whole, one point is missed: a gene that codes for a protein that participates in either the process of cell death or the postmortem changes that follow, should not be indicated as a gene responsible for the specific cell death, if any such genes exist. Whether there are genes or a specific gene expression pattern that defines the occurrence of the cell death under specified conditions is often implied but not yet proved.
Apoptosis has been carefully dissected at molecular level in the nematode Caenorhabditis elegans, an excellent model system in which the stages of physiological cell death can be observed during development. The ced-(i.e. cell death) 3 gene product has been characterized as a cysteine protease essential for programmed cell death to occur. In mammals, six different homologs of ced-3 have been identified, and it has been shown for several of them that overexpression can cause apoptosis and that this death can be inhibited by interfering with protease function. However, the molecular mechanisms for initiating caspase activation remain poorly understood for organisms across the phylogenic scale. On the contrary, it is clear that almost all mammalian cells express several cell death proteases, even when they are not undergoing apoptosis (49,50).
Apoptosis versus necrosis: the misconceptions
The term 'apoptosis', defined as a controlled type of cell death that can be induced by a variety of physiologic and pharmacological agents, was first coined by Kerr et al (51) on the basis of the following main morphologic criteria: cellular shrinkage, condensation and margination of the nuclear chromatin, DNA fragmentation, cytoplasmic vacuolisation, cell lysis.
Extensive literature has accumulated perpetuating a number of incorrect concepts: a) apoptosis is a genetically controlled, energy-dependent method of cellular deletion without inflammation (52), whereas necrosis is associated traditionally with inflammation (53); b) apoptosis occurs in response to any mild injury whereas necrosis is said to occur in response to more severe forms of the same types of injury (54); c) apoptosis occurs via a coordinated, predictable and pre-determined pathway, while necrosis results from the additive effect of a number of independent biochemical events that are activated by severe depletion of cell energy stores; d) necrosis is difficult to prevent, whereas the apoptotic pathway can potentially be modulated to maintain cell viability. It is assumed that necrosis is 'ordinary' cell death with the characteristics of a passive process while apoptosis is a 'special' form of cell death with the characteristics of an active process (55) (56) (57) (58) (59) .
In the final synthesis, the following realization emerges: apoptosis and necrosis are two distinct forms of cell death (60) (61) (62) .
Preliminarily, we suggest that to compare apoptosis to necrosis is scientifically unjustified. It is unsound to compare the process whereby cells die, i.e. cell death, and the changes that the cells and tissues undergo after the cells die, that is necrosis. These two processes are temporally dislocated and represent the two extremes of a continuum: the necrosis process can start only and exclusively when the cell dies and is an irreversible process, a 'no return' way in the cell life (11) .
Morphologically, condensation and margination of the chromatin are not exclusive parameters of apoptosis and can occur at a even higher extent in many different mammalian organs or tissues during the changes that cells and tissues undergo after the cells die. Following cell death and lysosomal enzyme release, dead cells may undergo karyorrhexis (nuclear break-up thoroughly described already in 1966) (see ref. 63 ) and karyolysis (progressive loss of nuclear material) (11) . Therefore it is impossible to assume chromatin condensation, including the inconstant nucleosomal laddering effect, as characterizing and exclusive parameters of apoptosis. Ad abundantiam, cells with the characteristic morphologic appearance of apoptosis may not show evidence of DNA fragmentation (64, 65) and sometimes the DNA ladder formation in cell culture systems can also be caused by mycoplasmal nucleases (66) .
Moreover, the inflammation seen more often in necrosis than in apoptosis is mostly evidence of the phagocytosis of cell debris produced by the necrotic process. Likewise, the possibility of recovery during apoptosis is simply the rescue capacity of a not yet dead cell, provided it is equipped with adequate molecular repair systems.
Kinetically, ante-mortem and post-mortem changes vary with the type of cell and the agent. Again, some lymphocytes show a short period of cell death and an inordinately rapid (within 2 to 3 h) set of post-mortem changes. By contrast, nitrosamine-treated rat hepatocytes show necrosis in hepatocytes (usually in zone 3, because of the preferential localization of bio-transformation) only after 36 to 48 h, even though the nitrosamines undergo their complete metabolic conversion to highly reactive derivatives by 4 to 8 h. Most cells in the various tissues and organs, including liver cells exposed to different xenobiotics and other nitrosamines, fall between the two extremes in this spectrum.
One main consequence of these kinetic differences is that selecting lymphocytes as typical cells for the study of apoptosis (21,67-69) introduces a bias in analysing the processes of cell death and of post-mortem changes. That is illustrated by the study of cell death in the small intestine of the rat. Cytotoxic agents and X-rays induce clear-cut morphologic changes in the cells lining the crypts. These changes have been interpreted for a long time as acute lethal effects on the proliferating mucosal epithelial cells (70) . Actually, the targets of the rapid cell death are some lymphocytes in the submucosa (71, 72) . This cell death appears within a few hours and is followed shortly by phagocytosis of the dead lymphocytes (72) . As a matter of fact, mucosal epithelial cells disappear through a slower process and the villi become atrophic.
It is frequently assumed that the death of cells can be passive. This non-biological point of view on cell death ignores the role of cell death in cell development and adaptation. It cannot be assumed that 'ordinary' cell death or 'necrosis' is a passive process while the presumed special form of cell death, 'apoptosis' is active. Both the ante-mortem and postmortem changes are active since both are enzyme-catalysed biochemical reactions.
There are at least 3 different meanings for the term 'programmed death' a) the selective cell death characterizing embryologic development and maturation of organisms, tissues or organs (73), i.e. the 'developmentally programmed' cell death. The programmed cell death in the ovarian cycle (74, 75) is an elegant example of a logical and rational use of the word 'programmed'; b) the 'physiologically programmed' cell death seen in organs or tissues that undergo temporary hyperplasia and then return to their 'resting physiological' level (76) . In this case the return of the liver to its physiological cell level after hyperplasia is regulated by homeostatic rather than programmed mechanisms; c) the sequence reactions that lead to cell death and are induced by a wide variety of xenobiotic chemicals and micro organisms. The mechanisms underlying such sequence of reactions are unknown, even though it is not valid to consider this as genedetermined unless the gene can be shown to code for the program, and not simply for one of the protein components in the sequence.
In all, it seems that the concept of 'apoptosis' in its present formulation does not add new insights into the problem of cell death from the point of view of the experimental cell pathobiology.
Cell death and cancer development
Properties of carcinogenic agents (chemical agents as well as radiations) are the growth-inhibition power and the ability to induce cell death. These properties are widely used in anticancer chemo-and radiotherapies. By contrast, the mechanisms relating cell death and cancer induction have received scarce attention. In general the cell death induced by radiations and carcinogenic agents have been hastily ascribed to toxicity, even if toxic compounds produce a different response (77) . Given the great progress in basic cancer research, it should be wise to reconsider the relationship between cell death and cancer development by using emerging technologies to create new conceptual paradigms.
Conclusions
Current assays for cell death rely on 'post-mortem' changes, not the process(es) involved in the death of the cell. Instead of adding new insights into the problem of cell death from the point of view of the experimental cell pathologist, the concept of 'apoptosis' has led to compare the changes of the cells that die to the series of structural-biochemical changes that occur after the cells die. Morphologic criteria using whole-mount preparations that do not require embedment and sectioning procedures, might be an effective tool to distinguish cell death changes from the necrotic ones. The microscope might be a catch-all for identifying characteristic perturbations that occur in specific experimental situations. Using appropriate protocols and tools now available, it should be possible to determine the boundary between pre-and post-mortem changes. In conclusion, it appears mandatory to refer to the Toxicologic Pathologists on the nomenclature of cell death in order to use terms that accurately and concisely convey the level of appropriate information (78) .
